A bstract. The free fatty acid content of spinach chloroplasts, isolated at pH 5.8 to 8.0, has been found to vary between 3.1 and 5.5 % of the total chloroplast fatty acids. When chloroplasts were incubated at room temperature for 2 hours, the free fatty acids increased by 42 land the Hill activity decreased by 70 g. After 2 hours of incubation at 370, the free fatty acids increased about 3-fold and the Hill activity decreased to almost 0. The addition of crystalline bovine serum albumin largely prevented the loss of Hill activity at room temperature and at 50, but had little effect during incubation at 370. Both the release of free fatty acids and the loss of Hill activity were pH dependent. The losses were the least during incubation at pH 5.8 and the greatest during incubation at pH 8.0. The major free fatty acids released at pH 5.8 were saturated, while those released at pH 7.0 or 8.0 were mainly the unsaturated acids, a-linolenic acid and hexadecatrienoic acid.
Approximately 50 % (w/w) of the dry weight of spinach chloroplasts is lipid (9) . Almost 40 % (w/w) of these lipids are fatty acids (G. Constanitopouilos, unpublished results). However, aside from a paper written by Speer et al. in 1929 (15) in which the free faitty acids of spinach chloroplasts were said to be 53 % (w/w) of the total fatty acids, no distinction between the free fatty acids ancI lipid-boutnd fatty acids has been reported. Thus, both the amount and the chemical composition of the free fatty acids remain uncertain.
\WVhile studying the effect of hydrolytic enzymes on the structure and function of chloroplasts (G. Constanto,poulos and K. Bloch, manuscript in preparation), we noticed a rapid loss of Hill activity of the chloro'plasts after short incubations at 370 or even at roolm temperature. An inhibitory effect on the Hilll relaction by unsatturated fatty acids had been found by Krogmann and Jagendorf (8) and more recently by McCairty and Jagendorf (10) and Molotkovfsky and Zheskova (11) . Therefore, it seemed thait an analysis of the free fatty acids of ch'loroplasts might indicate the reason for the loss of Hill activity during a!ging of Ohloroplasts.
We have now found that the loss of Hill activity at 370 is accompanied by a marked increase in the amoutnt of free faitty acids. The free fatty acid content of spinach chloroplasts immediately follow-ing isolation varies between 3.1 and 5.5 % of the total fatty acids of chloroplasts, depending on the method of preparation. Incubation of chlo,roplasts ait 370 results in the release of bound fatty acids. The rate of release and chemical composition of the released fatty acids is dependent on the pH of the reaction mixture. Under some conditions, addtition of bovine serum albumin (BSA) to the chloroplasit stuspension la,rgely prevents the loss of Hill activity.
Materials and Methods
Preptaratioa of Chloroplaist Sutspensionts. Spinach was ptuirchased at the local market. Several different procedures were used for the preparation of chloroplasts from fresh spinach leaves (6, 12, 17) . Chlorophyll was deitermined by the method of Arnon (1) . Chloropla,sts were aged in 20 mm potassitum phosphate buffer, pH 7.0, containing 6.7 mM KOl, at a concentration of 1 to 2 mg chlorophyll/ml of suispension. In some cases the pH of the suspension was either 5. 8 
Results
Oinly a minor fraction of the fatty acids of the chloroplast iis free. Thtis, the experiimenttally determined valtue for the percentage of free fatty acid's fou1nd in the chiloroplast iis only an approximation of the trtue valtue. As shown in table I, the free fatty acids of spinach chloroplasts prepared at pH 5.8 to 8.0 raniged from 3.1 to 5.5 % of the total fatty acids of t,he chloroplasts.
The conditions utsed for isolatioin of free fatty acids were fotund to be of imp(ortance. For the recovery of added fatty acids, it was necessary to extract the chloroplasts with ch,loroform nmethanol before preparation of methyl esters, an indication that free fatty acids are tightly bound to chloropla,st protein,s. The uise of ithe aqueouis acid-isopropanoiln-he,ptane mixture of Dole and Meinertz (3), whici has been applicable in the determination of serum free fatty acids (3), gave higher values for free fatty acilds than were obtained when chlolroform: methanol was uised. These values increased after prolonged periods of extraction, apparently due to the 'iability of the chio,roplast lipids. Chloroform: methanodl extraction was ulsed in all experiments reported bedlow.
The relative composition of the free fatty acids of the spinach chlloroplast i!s shown in table II. The free fatty acids of chloroplasts prepared at pH 5.8 and pH 7.0 contain less a-'inolenic acid and more palmitic and stearic acids than do the total fatty acids of the chloroplasts. a-lin'olenic acid at pH 5.8, the lowest pH tested, was negligible, especially during the first half hour of incubation. The Hilil activity was also least affected at this pH.
Analysis of the free fatty acids at different pH's revealed thait the major free fatty acids released at pH 5.8 were saturated, while at both pH 7.0 and 8.0 they were unsaturated, lbeing mainly a-linolenic acid and to a smaller extent hexadecatrienoic acid. Both the rate of release of free fatty acids anid the relative values of the individtual fatty acids liberated apt 370 and pH's 5.8 and 7.0 are shown in table III.
Discussion
The free fatty acid content of freshily preparedl spinach chloroplasts was found to range between 3.1 and 5.5 % (w/w) of the totail fatty acids of the chiloroplasts, or the equivalent of approximately 0.23 mole of free fatty acids per mole of chlorophyll (1.8 mg total fatty acilds per mg chlorophyll). This value corresponds to a minimum concentration of about 2.3 tM in the Hill reaction assay mixture.
This appears *to be at variance wi-th the report of Molotkovsky and Zheskova (11) that "non-heated chloroplasts do not contain free fatty acids to any appreciable amotunt and an extract from them does not suppress the Hill reaction'. However, the samples analyzed by Molotkovsky and Zheskova were considerably smaller than those used in the present experiments and the free fatty acids present were probably below the limit of detectionl iby their method.
Krogmann and Jagendorf (8) have shown that the dcgree of inhibition of the Hill activity by added o,leic acid is inversely related to the amotunt of chloroplast material present. They found that the ratio of inhibitor to chlorophyll determines the extent of the inhibition observed. Thtus, for a 50 % inhibition, the ratios of oleic and linoleic acid to chlorophyll were 3.3 and 1. The observation that BSA added to the chlloroplast !suspension prior 'to incubation at room temperatuire has a protective effect on the Hil-l reaction might be of use in the performance of enzymatic experiments with chlloroplasts. Mo'lotkovsky and Zheskova (11) also found that serum albumin was effective in preventing the loss of Hill activity due to heating or to the addition of the free fatty acids produced during heating.
The pH effect on the composition of the free fatty acids released at higher temperature suggests the occurrence in spinach chloroplasts of at least 2 different 'lipases. It is reasonable to assume that at pH 7.0 and 8.0 galactolipid lipases act on the gal-actosyldiglycerides liberating a-liniolenic and hexadecatrienoic acids, while at pH 5.8 a different lipase selectively liberates the satutrated fatty acids. Attempts to determine the origin of the free fatty acids were not conclusive. It appeared that the a-linolenic acid released came both from ithe monoand digalactosyldiglyceride fraction and from the polar (phospho-) lipid fraction. Lipases with pH optima of 5.6 for the hydroalysis of uinsatulrated digalactosyild.glvcerides andl 7.0 for the hydrolysis of tnsaturated monogalactosyl,diglycerides were foulnd in runner beans by Sastry and Kates (14) . A small galactolipid lipase activity was foulnd at pH 7.0 in spinach (10) .
MfcCarty and Jagendorf (10) action by causing swelling of the chloro'plasts (11) . The fatty acids may 'cause changes in the tertiary 'structure of the actomyosin-like protein of the chloroplasts w1hich thus causes swelling (11). Bamberger and Park (2) were also able to show that runner 'bean extract caused a linear increase in the light intensity dependence of the quantum requirement of the Hill reaction in chloro,plasts. This 'could have been due to the disruption of the structure o'f the 'chloroplasts, to the release of fatty acids, glycerol, or galactose, or possibly to some other compound contained in the crtide rtinner bean extract.
These results are of practical importance and may also indicate one of ithe mechanisms by which the ehloro,plast can regullate i'ts own synthesis an,d photosynthetic activity. Pederson et al. (13) have sh'own that methyl octonoate or octan'oic acid can inhibit carboxylation of ribulose 1,5-diP, photophostphorylation, and the epho,sphorylajtion of both frtuctose 1,6-diP and sedoheptulose 1,7-diP. The influence of higher fatty acid's has not yet been examined. Frtictose-6-P woulld be the iultimate precursor of the galactose of the galactolipids of the chloroplast. It is also known that a-linoilenic acid can inhibit the Hiilll reaction, as mentioned above. Thus, 'the mechanisms and conditions for release of fatty acids from the lipid,s of the chloroplast may be important controlling factors in the synthesis of 'chloroplast constituients, the reactions 'of photosynthetic electron transport, and pethaps photophiosphorylation.
